Mechanisms of action of nonmutagenic carcinogens such as asbestos remain poorly characterized. As pleural mesothelioma is known to have limited numbers of genetic mutations, we aimed to characterize the relationships among gene-locusspecific methylation alterations, disease status, asbestos burden, and survival in this rapidly fatal asbestos-associated tumor. Methylation of 1505 CpG loci associated with 803 cancer-related genes were studied in 158 pleural mesotheliomas and 18 normal pleura. After false-discovery rate correction, 969 CpG loci were independently associated with disease status (Q < 0.05). Classifying samples based on CpG methylation profile with a mixture model approach, methylation classes discriminated tumor from normal pleura (permutation P < 0.0001). In a random forests classification, the overall misclassification error rate was 3.4%, with <1%
Introduction
A central tenet of cancer biology states that cancer is clonal, with tumors arising as the result of expansion of increasingly dysregulated cells. This insight yielded a now well-known paradigm that selective expansion of cells with a growth advantage occurs in an ordered fashion, driven primarily by genetic changes (1) . This model has expanded to now include the thesis that cancers also evolve a ''mutator phenotype'' and become malignant as a result of somatic genetic events (2) . Although this is almost certainly true of some cancers, particularly those induced by well-characterized mutagens (e.g., tobacco smoke and ionizing radiation), other known human carcinogens are not mutagenic (or are very poor mutagens) and may be less prone to induce cancers via this mechanism. Asbestos, which is known to induce mesothelioma, is an example of a nonmutagenic carcinogen. In the case of carcinogens such as asbestos, it may be that dysregulation of the somatic epigenome is equally, if not more crucial for cancer development.
Aberrant epigenetic events, including DNA hypermethylationinduced gene silencing, are well-recognized as important contributors to carcinogenesis. Methylation-associated gene silencing occurs when certain cytosines in specific clustered regions primarily located in gene promoters are hypermethylated. These regulatory CpG islands often occur in tumor suppressor genes and are thought to remain largely unmethylated in noncancerous cells. Approximately half of all human genes contain CpG islands and are, therefore, potentially subject to this type of aberrant silencing (3) . Recent technologic advances allow for the simultaneous resolution of hundreds of specific, phenotypically defined cancerrelated methylation events, providing a platform for the rapid epigenetic profiling of gene silencing in human tumors (4) .
Malignant pleural mesothelioma is a rapidly fatal malignancy associated with asbestos exposure in f80% of patients (5) . In the United States, Great Britain, and Japan, over 5,000 cases occur annually and median survival of patients with pleural mesothelioma is <1 year (6) (7) (8) . The economic burden of treating this disease and the litigation associated with asbestos exposure is estimated to exceed $265 billion over the next four decades in the United States (9) . Despite the decline in asbestos use among industrialized nations, the incidence of mesothelioma continues to increase, and it is not expected to peak until 2020, as disease latency can be as long as 50 years (10) . Importantly, asbestos is currently mined and exported throughout the world, with heavy use evident in developing nations such as China, India, and Central America (11) . Asbestos-containing products are still imported to the United States, and many asbestos exposure hazards remain from earlier applications; one well-publicized example being dust from the World Trade Center towers collapse in New York City (12) . A more complete understanding the molecular-genetic consequences of asbestos exposure and the mechanism of action of these mineral fibers in inducing mesothelioma is critically needed to develop more effective approaches for identifying and treating this devastating disease.
The causal link between asbestos and pleural mesothelioma has been widely accepted since 1960 (13) , and the carcinogenic mechanisms of asbestos have been investigated in earnest since that time; establishing that asbestos fibers are not point mutagens but rather both clastogenic and cytotoxic in vitro (14, 15) . Additionally, methylation-induced tumor suppressor gene silencing has been observed in recent studies of mesothelioma (16) (17) (18) (19) (20) , leading to the hypothesis that asbestos fibers contribute to epigenetic silencing of tumor suppressor genes in this disease. Consistent with this, Tsou and colleagues (18) observed a significant association between self-reported asbestos exposure and methylation at the MT1A, and MT2A gene loci in mesotheliomas. Concomitantly, work in our laboratory, using quantitative asbestos body counts as a measure of asbestos exposure burden, revealed an association between cell cycle control tumor suppressor gene methylation and increased asbestos burden in mesothelioma (20) .
To comprehensively investigate aberrant tumor-specific, phenotypically relevant methylation events in pleural mesothelioma, we profiled 158 tumors and 18 nontumorigenic parietal pleura samples for methylation at 1505 CpG dinucleotides associated with 803 cancer-related genes using the Illumina GoldenGate methylation bead array. We have definitively delineated the relationship between a comprehensive, phenotypically important CpG methylation profile and disease status, in addition to defining the tumor methylation profiles associated with patient clinical course and asbestos exposure.
Materials and Methods
Study population. Tumor material was obtained after surgical resection at Brigham and Women's Hospital through the support of the International Mesothelioma Program. Similarly, grossly nontumorigenic parietal pleura samples were taken as residual tissue during extrapleural pneumonectomy from uninvolved anatomic sites. Patients were drawn in near equivalent numbers from a pilot study conducted in 2002 (n = 70), and an incident case series beginning in 2005 (n = 88). Among identified cases, the participation rate was 85%. All patients provided informed consent under the approval of the appropriate Institutional Review Boards. All patients underwent surgical resection before other treatments. Clinical information, including histologic diagnosis, was obtained from pathology reports. Each patient was assessed for history of exposure to asbestos as well as additional demographic and environmental data by obtaining their medical and occupational history with an in-person questionnaire or interview. Additionally, we quantified asbestos bodies in samples of lung tissue from multiple sites in the resected lung (21) as previously described (22) . Each tumor was pathologically examined and the amount of tumor in every sample estimated by direct microscopic evaluation and recorded as the percent tumor for that specimen. Patients were followed for survival using the National death index and last known clinical visit.
Methylation analysis. Tumor and nontumor pleural DNA was extracted from frozen tissue using the QIAamp DNA mini kit according to the manufacturer's protocol (Qiagen). DNA was modified by sodium bisulfite to convert unmethylated cytosines to uracil using the EZ DNA Methylation kit (Zymo Research) according to the manufacturer's protocol. Illumina GoldenGate methylation bead arrays were used to simultaneously interrogate 1,505 CpG loci associated with 803 cancer-related genes. The Illumina array interrogates approximately two CpGs per gene, and although sequencing methods would provide additional details, CpGs were cultivated from reports that have shown the methylation-expression relationship in large part through sequencing experiments. Bead arrays have a similar sensitivity as quantitative methylation-specific PCR and were run at the University of California at San Francisco Institute for Human Genetics, Genomics Core Facility, according to the manufacturer's protocol and as described by Bibikova and colleagues (4) .
Statistical analysis. BeadStudio Methylation software from the array manufacturer Illumina was used for data set assembly. All array data points are represented by fluorescent signals from both methylated (M) and unmethylated (U) alleles, and methylation level is given by h = (max(M, 0))/ (|U| + |M| + 100), the average methylation (h) value is derived from the f30 replicate methylation measurements and a Cy3/Cy5 methylated/unmethylated ratio. At each locus for each sample, the detection P value was used to determine sample performance, 3 samples (2%) with >25% of loci having a detection P value of >1e-5 were dropped from analysis. Similarly, CpG loci with a median detection P value of >0.05 (n = 8, 0.5%), were eliminated from analysis.
Subsequent analyses were carried out using the R software (23) . For exploratory and visualization purposes, hierarchical clustering was performed using R function hclust with Manhattan metric and average linkage. Associations between sample type, or covariates such as age or gender and methylation at individual CpG loci were tested with a generalized linear model. The h distribution of average h values was accounted for with a quasi-binomial logit link with an estimated scale variable constraining the mean between 0 and 1, in a manner similar to that described by Hsuing and colleagues (24) . CpG loci where an a priori hypothesis existed were tested independently. In contrast, array-wide scanning for CpG loci associations with sample type or covariate used false discovery rate correction and Q values computed by the qvalue package in R (25) .
For inference, data were clustered using a mixture model with a mixture of h distributions, and the number of classes was determined by recursively splitting the data via 2-class models, with Bayesian information criterion used at each potential split to decide whether the split was to be maintained or abandoned as described in (26) . Permutation tests (running 10,000 permutations) were used to test for association with methylation class by generating a distribution of the test statistic for the null distribution for comparison to the observed distribution. For continuous variables, the permutation test was run with the Kruskal-Wallis test statistic. For categorical variables, we used a Mutual information test statistic; (27) equivalent to a likelihood ratio test comparing the saturated model for a contingency table against a model that assumes independent margins. Significant associations from permutation tests were controlled for potential confounders where appropriate using logistic regression with methylation classes and potential confounders and a likelihood ratio test of the model with and without methylation classes. For survival analyses, Cox proportional hazards models were used, and likelihood ratio tests were used to examine the significance of inclusion of the methylation classes in the models.
The R Package was also used to build classifiers with the Random Forest (RF) approach. RF is a tree-based classification algorithm similar to Classification and Regression Tree (28) and was performed on CpG average h values using RF R package version 4.5-18 by Liaw and Wiener. RF builds each individual tree by taking a bootstrap sample (sampling with replacement) of the original data, and on average, f1/3 of the original data are not sampled (out of bag or OOB). Those sampled are used as the training set to grow the trees, and the OOB data are used as the test set. At each node of the tree, a random sample of m out of the total M variables is chosen, and the best split is found among the m variables. The default value for m in the RF R package is p M.
In this analysis, we tested a range of m from half of p M to twice the p M and used the m that gave the lowest prediction error. The OOB error rate is the percentage of time the RF prediction is incorrect.
Results
To characterize the epigenetic profile of mesothelioma and nontumorigenic parietal pleura, we used the Illumina GoldenGate bead array that simultaneously interrogates 1,505 CpG sites associated with 803 cancer-related genes to generate a methylation value based on f30 replicate measurements for each locus in each sample. In this study, GoldenGate arrays were used to assess methylation in 158 incident cases of mesothelioma and 18 nontumorigenic parietal pleura specimens. Exposure, demographic, and tumor characteristic data for these samples are presented in Table 1 .
Array methylation data were first explored with unsupervised hierarchical clustering using Manhattan distance and average linkage for the 750 most variable autosomal CpG loci (Fig. 1) . Striking differences between the epigenetic profiles of mesothelioma and nontumor pleura are observed, with almost perfect clustering of epigenetic profiles based on disease status. Next, in a univariate approach, we tested all CpG loci individually for an association between methylation and disease status, and 969 CpG loci had methylation levels that differed (Q < 0.05) comparing tumor and nontumor pleura after FDR correction. Of these, 727 loci associated with 493 genes had enhanced methylation in nontumor pleura, and 242 loci associated with 153 genes had more methylation in the tumors (Supplementary Table S1 ). Because so many loci were differentially methylated between tumor and nontumor pleura, we next applied a modified model-based form of unsupervised clustering known as mixture modeling. This approach built classes of samples based on profiles of methylation with data from all autosomal loci using a mixture of h distributions to recursively split the tumors into parsimoniously differentiated classes (29) (30) (31) . All posterior class membership probabilities were numerically indistinct from 0 or 1. Applying a h mixture model to methylation data from all autosomal loci in tumors and nontumor pleura returned 11 methylation classes, their average methylation profiles, and their sample type distributions (Fig. 2) . Methylation class membership was a highly significant predictor of diseased versus nondiseased tissue (permutation P < 0.0001). Among the 11 classes in the model, 9 classes perfectly captured only tumor or only normal, and there were 2 methylation classes containing both tumor and normal samples. To follow up, a supervised random forest classification of nontumor and tumor samples was performed. Only 1 tumor (<1%) was misclassified as a nontumor sample, and 5 nontumor samples (28%) were misclassified as tumors. The overall misclassification error rate was 3.4%, significantly lower than the expected error rate under the null hypothesis (P < 0.0001).
We next restricted our analyses to tumors, (n = 158) first applying our h mixture model approach, and Fig. 3 shows the seven methylation classes that resulted. This figure also displays the distributions of gender, histology, and asbestos body counts by methylation class. Methylation class membership was not a significant predictor of patient gender or tumor histology (data not shown). Methylation profile class membership was not associated with the amount of tumor in the sample. However, methylation class membership significantly predicted lung asbestos body count (permutation P < 0.04). Because men with pleural mesothelioma have higher asbestos body counts compared with women (P < 0.0001; ref. 32), we controlled for gender, and methylation class membership remained a significant predictor of asbestos burden (likelihood ratio test P < 0.03). Based on prior published work, specific CpG loci were tested for associations between methylation and asbestos body counts; consistent with our prior data (20) , tumor methylation average h values at CDKN2A (P < 0.02), CDKN2B (P < 0.02), and RASSF1 (P < 0.03) were significantly and positively associated with asbestos body counts. In addition, methylation of MT1A [previously reported as asbestos exposure-associated by Tsou and colleagues (18) ] was significantly positively associated with asbestos burden; promoter-associated CpG49 (P < 0.04), and exonic CpG13 (P < 0.02). When testing all autosomal loci for an association between methylation and asbestos burden using the MTA1 promoter CpG 49 Q value (Q = 0.32) as a cutoff, there were 110 loci with an association between methylation status and asbestos burden (Supplementary Table S2 ). The vast majority of these 110 loci (94%) had a positive correlation between CpG methylation and asbestos body counts, Figure 2 . h mixture model of methylation profiles in mesothelioma and nontumor pleura. Green, methylation average h for unmethylated; red, methylation average h for methylated. Methylation profile classes are stacked in rows separated by yellow lines, and class height corresponds to the number of samples in each class. Class methylation at each locus is a mean of methylation for all samples within a class. Bar charts, the proportion of tumors and nontumor pleura samples in each class. Methylation profile classes differentiate tumor from nontumor pleura (P < 0.0001). Lastly, we examined the relationships between methylation profiles and patient outcome using Cox proportional hazards models of survival controlling for age, gender, and tumor histology. Median survival time of this population was 12.5 months with 67 months of follow-up time. In a proportional hazards model including all cases (n = 158), women had half the risk of death of men [hazard ratio (HR), 0.5; 95% confidence interval (CI), 0.3-0.96], and patients with mixed histology tumors were at greater risk of death compared with those with epithelial tumors (HR, 2.7; 95% CI, 1.7-4.4). Importantly, methylation class membership was also a significant predictor of patient outcome (P < 0.01). In particular, membership in methylation classes 4 and 7 were both independently associated with a significant 3-fold increased risk of death compared with the class with the lowest median asbestos count [95% CI (class 4), 1.4-7.0; 95% CI (class 7), 1.3-7.4; Table 2 ]. Where data were available (n = 108), and after adjustment for methylation class membership, asbestos burden was associated with a significant 1.4-fold increased risk of death (95% CI, 1.1-1.8; Table 2 ). In this model, membership in methylation class 4 remained associated with a significant, nearly 3-fold increased risk of death (HR, 2.8; 95% CI, 1.1-7.1). Again, in this model including asbestos exposure, likelihood ratio tests indicate that methylation classes were significant predictors of patient outcome (P < 0.005).
Discussion
Exposure to asbestos is the single most important risk factor for pleural mesothelioma, and prior research has established that somatic mutations (33) and alterations in gene expression (34) are a feature of this disease. Interestingly, relatively few pathologically important mutations arise in this cancer, and there is no characteristic somatic genetic change that can be attributed to the action of asbestos (33) . Furthermore, although there is consensus that gene expression (at the mRNA level) is significantly altered in mesothelioma, there is no gene expression signature representative of the action of asbestos in this disease, and there remains debate about the clinical utility of mRNA expression profiling (35) (36) (37) . Our work sought to definitively characterize phenotypically important alterations in the epigenome of mesothelioma. We enumerated the epigenetic status of over 800 known cancer-related genes that stably control mRNA expression; comparing normal pleura with mesotheliomas. Our findings indicate that an extremely large number of loci are epigenetically altered in mesothelioma, asbestos exposure is associated with the degree of epigenetic alteration, and that profiles of gene silencing are associated with clinical outcome. This work shows that the epigenome is a primary target of asbestos in the genesis of mesothelioma.
Precisely why epigenetic alterations are a prominent feature of pleural mesothelioma is not clear. However, it is well-known that chronic inflammation is a primary tissue response to asbestos exposure (38) . Epigenetic alterations have been associated with inflammation in colon cancer, and it has been suggested that inflammation-related epigenetic alterations are common in human cancers (39) . Infiltrating macrophages, neutrophils, and eosinophils have been observed at sites of fiber deposition; these cells are known to generate reactive oxygen, and nitrogen, and to induce the release of peroxidases (38, 40) . Treatment of human mesothelial cells with crocidolite asbestos has been shown to increase reactive oxygen species and oxidized DNA residues such as 8-oxoguanine (41) . Furthermore, it has been reported that 5-hydroxymethylcytosine can be generated by oxidation of 5-methylcytosine (42). Both 5-methylcytosine adjacent to 8-oxoguanine, and 5-hydroxymethylcytosine, have been shown to inhibit binding of methyl-CpG binding protein 2, a critical epigenetic regulator that recruits cytosine methyltransferases and histone deacetylases (43) . It is also known that 5-hydroxymethylcytosine is not recognized as 5-methylcytosine by the maintenance methyltransferase DNMT1 and, hence, may lead to aberrant loss of methylation during cell replication (44) . Additional base alterations occur via neutrophil and eosinophil peroxidase-derived HOCl and HOBr, which can react with DNA to form 5-chlorocytosine and 5-bromocytosine, respectively (45) . These halogenated cytosines can be mistaken by DNMT1 as 5-methylcytosine during replication, thus providing a potential mechanism for asbestos-related, inflammation-induced aberrant hypermethylation (44) . This is consistent with our data suggesting that asbestos burden (and the resultant inflammatory response) is associated with epigenetic alterations. Furthermore, the decades-long latency of mesothelioma would allow ample time for cellular turnover and selection of cells with altered epigenetic programs that favor survival and deregulated proliferation.
We also found that epigenetic profiles differentiate tumor from nontumor pleura (P < 0.0001). Similarly, a genome-wide approach profiling of gene expression at the mRNA level in mesothelioma has shown significant differential expression of over 600 genes between mesothelioma and nontumor pleura, although the precise pattern of gene expression differs in the hands of different investigators (34, 37) . Epigenetic gene inactivation is inherently more stable and less prone to variability than measures of mRNA, making our approach for differentiating tumors from nontumor pleura likely more reproducible. Although our method differentiates tumors from nontumor pleura extremely well, there remained two methylation profile classes with a minor mixture of tumor and nontumor samples. It is clear that ''contaminating'' nontumor tissue, or samples containing a lower percent tumor cannot explain this result, as we were able to reject this based on direct observation of the amount of tumor in each specimen. Consequently, it may be that the relative epigenetic similarity between certain tumors and nontumor pleura is explained by a difference in the prevalence of somatic genetic aberrations (such as gene deletions) among these tumors. In other words, tumors resembling nontumor pleura epigenetically may harbor significantly greater genetic alterations (relative to more epigenetically divergent tumors) that contribute to their malignant phenotype. An integrative genomics approach using common tumor sets for both epigenetic alteration profiling and genome-wide copy number alteration profiling will begin to address this question. Hundreds of loci had different methylation levels between tumor and nontumor pleura after correcting for multiple comparisons (Q < 0.05). Some of the pathways and processes whose genes are differentially methylated include epigenetic regulation, cell cycle control, and inflammation, among others. For instance, HIC1 was hypermethylated in tumors, which may prevent its transcriptional repression of the histone deacetylase SIRT1, and DNMT3B had significantly lower methylation in tumors, suggesting epigenetic dysregulation. Cell cycle control genes WEE1 and RASSF1 both had significantly higher methylation in tumors, suggesting uncontrolled proliferative potential, a hallmark of cancer (46) . Another hypermethylated gene in tumors was ASB4, and a SOCS box-containing protein that inhibits c-Jun NH 2 kinases and is thought to contribute to chronic inflammation (47) . Among tumors, JAK2 had significantly decreased methylation, and concomitant silencing of SOCS genes may then result in increased, or constitutive STAT activation, which is a recognized inflammation-associated mechanism of tumor initiation and promotion (48) . In addition, HOXA9 was hypermethylated in tumors; HOXA9 is an inhibitor of nuclear factor-nB-dependent activation of leukocyte adhesion molecules intercellular adhesion molecule 1, VCAM-1, and E-selectin which recruit leukocytes, exacerbating the inflammatory response (49) .
At the same time, it is tenable to posit that, although many genes harbor altered epigenetic states, only a small number of genes with epigenetic alterations are chiefly responsible for the phenotypic differences between tumor and normal tissue, and between more deadly mesothelioma compared with less deadly forms. However, if relatively few ''epigenetic gatekeepers'' determine phenotype, there must be a very large number of genes that are inactivated consequent to the clonal evolution of the tumor; this may be analogous to ''hitchhiker'' mutations that arise during tumor clonal expansion. Alternatively, a ''hit'' at a locus essential for epigenetic regulation, the chronic inflammatory process, or altered tumor metabolism, for example, may induce a change in overall epigenetic regulation that results in the targeting and aberrant methylation of many genes in a wholesale fashion. It is not possible to directly distinguish the alternative explanations of our data.
Among the 158 mesotheliomas studied, seven distinct methylation profile classes were identified. Previous genome-wide mRNA expression analysis of mesotheliomas was able to define two distinct subclasses of tumors that loosely correlated with histology (34) . Although our epigenetic profiling data revealed more tumor subclasses, the genome-wide approach using mRNA expression as an outcome encompassed over 10 times as many loci, and used fewer tumors, both of which potentially decreased the power to resolve tumor subclasses compared with our larger sample set restricted to cancer-associated loci. We found that methylation profiles were associated with asbestos body burden in an analysis controlling for gender (P < 0.03), again suggesting asbestosassociated inflammation as a mechanism driving tumors into distinct epigenetic subclasses. There were also distinct methylation profile classes composed of tumors with similar asbestos burden distributions, arguing that asbestos burden per se does not account for all of the observed epigenetic alterations in mesothelioma. However, in the context of a decades-long latency and a nonspecific, asbestos-related chronic inflammation state, alterations of different epigenetic gatekeeper genes could occur at different stages in tumorigenesis and tumor progression. Furthermore, specific genes, or gene pathways, may be more likely to be selected for, or more susceptible to asbestos-related epigenetic alterations; consistent with this, associations between CpG methylation of specific genes and asbestos previously reported by our group and others were confirmed in this study (18, 20) . Here, we extended these findings to include several apoptosis-related genes such as AATK, CASP2, CASP10, and PYCARD.
Finally, overall methylation profile class membership was a significant, independent predictor of patient survival (P < 0.01), suggesting that epigenetic dysregulation is strongly associated with disease progression. Although general epigenetic deregulation may be highly correlated with disease prognosis, we cannot exclude epigenetic events at specific loci as responsible for predicting survival. Continued investigation into the CpG loci whose differential methylation status is associated both with membership in specific classes and prognosis is needed to elucidate the biological mechanism(s), which critically influence patient survival. Additionally, consistent with our previous finding, we confirmed that an increased asbestos burden is a significant, independent predictor of reduced survival in pleural mesothelioma (32) .
In summary, our data show that epigenetic alterations are extraordinarily common in mesothelioma and discriminate the malignant phenotype from normal pleura. Epigenetic changes are also significantly associated with asbestos burden and significantly predict clinical outcome. Hence, our data suggest that phenotypically important somatic epigenetic modification is a major mode of action of asbestos in mesothelioma. Further investigation into the underlying mechanism responsible may assist in diagnosis, assessment of prognosis, and design of therapies for this rare but rapidly fatal disease.
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